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Abstract Long-lived radon daughters are a critical back-
ground source in experiments searching for low-energy rare
events. Originating from radon in ambient air, radioactive
polonium, bismuth and lead isotopes plate-out on materials
that are later employed in the experiment. In this paper, we
examine cleaning procedures for their capability to remove
radon daughters from PTFE surfaces, a material often used
in liquid xenon TPCs. We find a large difference between the
removal efficiency obtained for the decay chains of >*Rn
and 2*Rn. This indicates that the plate-out mechanism has
an effect on the cleaning success. While the long-lived 222Rn
daughters can be reduced by a factor of 2, the removal of
220Rn daughters is up to 10 times more efficient depending on
the treatment. Furthermore, the impact of a nitric acid based
PTFE cleaning on the liquid xenon purity is investigated in
a small-scale liquid xenon TPC.

1 Introduction

In low-energy experiments searching for rare signals, such
as dark matter interactions or neutrinoless double beta decay
[1,2], it is of utmost importance to suppress backgrounds to a
negligible level. Radon progenies can plate-out on the detec-
tor surface when exposing it to air, which contains radon.
An important background contribution arises from the >>’Rn
decay products subsequent to the long-lived 2'°Pb (T} 2=
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22.3 years), as they persist during the entire run-time of such
experiments [3-7].

PTFE (polytetrafluoroethylene) is commonly used in
many low-background experiments and often large surface
areas of this material are exposed to the active volume of
the detector [8—14]. It is a material that tends to carry nega-
tive charges, due to the triboelectric effect [15—17], whereas
radon daughters have a high probability to be positively
charged [18,19]. Therefore, their plate-out probability onto
PTFE surfaces is enhanced in comparison to e.g. steel sur-
faces [20]. Background events may be induced by direct
radiation from «-, 8- and y-decays. Moreover, «-decays of
210po may induce background by the recoiling nucleus 2°°Pb
as well as by neutrons. The latter are generated by (o,n)-
reactions on the fluorine in PTFE [21].

In this work, we present different treatments for PTFE
surfaces for the removal of plated-out decay daughters orig-
inating from the *’Rn and *?°Rn decay chains. Both decay
chains, including half-life and decay energies, are shown
in Fig. 1. A commonly used detector type for rare-event
searches are noble gas Time Projection Chambers (TPCs).
To employ a PTFE surface treatment in such a detector, the
detector’s signal production should not be impacted by chem-
ical residuals from the cleaning.

In Sect. 2.1, the preparation of PTFE samples loaded with
radon daughters and the measurement of their surface activity
is described. In Sect. 2.2, surface cleaning procedures for the
removal of >>’Rn daughters are presented. As the S-decay of
lead is a central source of background in dark matter experi-
ments, we performed a more thorough study on its removal in
Sect. 2.3, employing a >2°Rn source. In Sect. 2.4, the results
on the lead removal from both radon chains are compared. In
Sect. 3, we test the application of a selected cleaning method
in a local liquid xenon TPC.
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Fig. 1 Decay chains of 2??Rn (left) and 22°Rn (right). While all >>°Rn daughters are short-lived, the >?>Rn chain is typically broken due to the

long-lived lead isotope 2'°Pb

2 Surface treatments for radon daughter removal

2.1 Sample preparation and measurement of surface
activity

For our study we use circular 0.5 mm thick PTFE plates with
a diameter of 50 mm. In order to enrich the samples’ surfaces
with radon daughters, we employ the set-up sketched in Fig.
2 (left). The sample discs are placed in a vessel which is
connected to a >2Rn or 2°Rn emanation source, depending
on the radon chain under investigation. For the plate-out of
222Rn daughters, we use uranium oxide powder as a source
which emanates *?Rn at a rate of ~ 1 MBq. A recircula-
tion pump ensures a constant gas flow of ~ 1 slpm of radon
enriched air through the sample vessel. The loading of >*>Rn
daughters spanned over a time period of two years, including
short interruptions for maintenance of the set-up. Thereafter,
the samples were stored for another two years prior to our
measurements without any further loading. Consequently,
we can assume in good approximation that the long-lived
radon daughters >!°Pb, 2!Bi and ?!°Po are in secular equilib-
rium and independent from systematic irregularities during
the loading process, such as changed or interrupted recircula-
tion flows or different plate-out rates among the samples. For
studying 22°Rn daughters, we employ a 4 kBq 2> Th source
of a similar type as described in [22]. The loading with non
stable 2?ORn daughters on the PTFE plates saturates already
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after a few days due to the relatively short half-lives in the
decay chain (see Fig. 1). For the loaded samples, we can
assume secular equilibrium between 2'2Pb, which has the
longest half-life of 10.5 hours, and the subsequent daughter
isotopes in the decay chain.

The surface activity of the loaded samples is measured
by means of an a-spectrometer which is sketched in Fig.
2 (middle). During the measurement, the sample is placed
in the center of the sample tray facing a windowless silicon
PIN-diode (Hamamatsu Si PIN photodiode model S3204-09)
which is mounted on the top flange. The diode has a rect-
angular shape and 1.7 cm? of sensitive surface. The sample
tray can be adjusted vertically in order to minimize the gap
between diode and sample and thus optimize for the detec-
tion efficiency concerning the «-emission’s solid angle. For
this study, the distance to the diode is kept constant at 6.1 mm
which results in a detection efficiency of 0.32 for the sam-
ple’s side facing the diode [23]. During the measurements,
the «-spectrometer is continuously pumped to avoid energy
losses of the a-particles in residual ambient gas. The anode
and cathode signals from the diode are amplified, subtracted
from each other and processed by a multi-channel analyzer
(MCA). In the right panel of Fig. 2, a typical energy spec-
trum is shown as acquired when studying the removal of
220Rn daughters. The peaks of 2'2Po and 2!2Bi are clearly
visible. The latter is overlapping with the >!°Po peak which is
also present in the 2°Rn data as a background. It is originat-
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Fig. 2 (Left) Schematic drawing of the loading set-up. The PTFE sam-
ples are placed in a vessel which is flushed with radon-enriched air
from an emanation source. (Middle) The surface activity of the loaded
samples is measured by the depicted alpha-spectrometer. During mea-

ing from the contamination of the spectrometer and the PIN-
diode themselves due to an earlier exposure of the detector to
222Rn. During our studies, the 2!°Po background is monitored
and taken into account when determining the 2!°Po reduction
after the investigated procedures. The alpha peaks are fitted
using the crystal-ball function (red line) as in [24]. It con-
sists of a Gaussian part and a left-sided tail which accounts
for the asymmetric peak shape. In order to determine the
activity, we chose a selection window of +3 ¢ and —5¢
around the fitted Gaussian mean of the 2!°Po and 2!2Bi peak,
respectively. For the well separated 2!?Po peak, the selection
window is increased to +5 0 and —10 0. It should be noted
that the 2°Rn daughters are not present during our study of
the 2!°Po removal. Since only relative activity changes are
used to determine the reduction of radon daughters, we do
not correct for the fraction of counts outside the selection
window.

2.2 Removal of >?*Rn daughters from PTFE surfaces

In this study, we investigate the 2!Po surface activity of four
different PTFE discs loaded with long lived 2?>Rn daughters.
After the initial activity has been measured, we apply differ-
ent cleaning procedures in sequence and determine the 2'°Po
reduction after each cleaning step. For some procedures, we
have monitored the evolution of 2!°Po on the sample surface
over several weeks before applying the next cleaning step.
As described later, we can use this time evolution to study
also the removal of >'°Pb during the investigated cleaning
procedures.

In Table 1, the investigated procedures are summarized.
Nitric acid (HNO3) is commonly used for the cleaning of
PTFE parts [13,25]. In our study, we test different nitric acid
solutions of 5% and 32% concentration (by mass), respec-
tively, and at room temperature. Another nitric acid cleaning
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surement, the spectrometer is under vacuum. An adjustable sample tray
allows placing the sample close to the sensitive silicon PIN photo diode.
(Right) Example of an alpha-spectrum as it is obtained when measuring
220Rn daughters after cleaning

is performed at an increased temperature of 60 °C. During
all those treatments, the PTFE sample is placed in 100 ml of
a nitric acid solution for 2 hours. For the first 15 min, the
glass containing the sample in the acid solution is immersed
in an ultrasonic bath. After the treatment, the sample is thor-
oughly rinsed with deionized water (DI-water). In case of the
so-called multiple HNO3 procedure, the PTFE is kept for 15
minutes in a 32% nitric acid solution while being simultane-
ously exposed to ultrasound. Then, the sample is immersed
three times in a nitric acid solution of the same concentra-
tion for 90 seconds each. Before every sample immersion, the
solution is exchanged for a fresh one. This procedure has been
chosen in order to probe the potential re-deposition of 2!°Po
on the surface similar to what has been observed for cop-
per [26]. Due to the quick exchange of the acid, the exposure
time is kept short such that re-deposition will be significantly
reduced with respect to the other nitric acid procedures. We
also test a sodium hydroxide treatment where the PTFE sam-
ple is immersed for 2 hours in the cleaning bath including
15 minutes of ultrasound exposure. In another procedure, the
sample is thoroughly wiped using a clean-room tissue soaked
with ethanol. Furthermore, we study the effect of complete
immersion of the sample into an ethanol bath including 15
minutes of ultrasound treatment.

Table 2 shows the measured 2!°Po activity for the four
PTFE sample discs before and after the investigated proce-
dures described in Table 1. In case of disc 1 and disc 2, a
sequence of cleaning steps is applied, whereas for discs 3
and disc 4 only a single cleaning procedure is tested. These
sequences of cleaning steps should not be understood as a
dedicated, multi-staged procedure. The objective is to inves-
tigate the cleaning effect of different procedures also after
some of the surface contamination has been removed in the
typically most efficient first cleaning step. For disc 2 and
disc 4, we measure the activity of both disc sides which

@ Springer



343 Page 4 of 10 Eur. Phys. J. C (2021) 81:343

Table 1 Investigated cleaning procedures applied to PTFE samples loaded with 222Rn daughters. The acid concentrations are given by weight

Cleaning procedure Description

Weak HNO3 5% nitric acid solution for 2h, including 15 min in ultrasound

Strong HNO3 32% nitric acid solution for 2 h, including 15 min in ultrasound

Hot HNO;3 32% nitric acid solution at 60°C for 2h, including 15 min in ultrasound
Multiple HNO3 15 min 32% nitric acid solution in ultrasound +

Immerse sample three times in fresh nitric acid baths (32%) for 90 s each

Sodium hydroxide
Ethanol wiping
Ethanol bath

5% sodium hydroxide for 2h, including 15 min in ultrasound

Wipe sample using a clean-room tissue soaked with ethanol

Ethanol bath for 15 min while applying ultrasound

Table 2 2!0Po activity in

Disc 1 Disc 2a Disc 2b
counts/min measured after
having applied different Start act. 18.34 £ 0.26 224408 7.75£0.22
clear}ing P roce.dures. The . Ist step ethanol wiping ethanol wiping ethanol wiping
relative reduction achieved in a
certain cleaning step is given in 11.20 £ 0.04 13.3+0.3 3.99+0.12
% with respect to the previous —(38.9£0.9% —(41£3)% —(48.5£2.)%
;tjfh' gt?ecgienﬁz;i&zc(; erll((ij (ti}llsec 4, 2nd step weak HNO3 ethanol wiping ethanol wiping
back side (b) of the sample are 8.55 £0.07 10.68 = 0.20 3.52+0.07
measured —(23.7+0.8)% —(19.7+2.4)% —(12£3)%
3rd step strong HNO3 strong HNO3 strong HNO3
7.64 +0.02 10.08 +0.25 3.22£0.07
—(10.6 £0.8)% —(6£3)% —-(9+3)%
4th step hot HNO3 multiple HNO3 multiple HNO3
7.27 £0.04 8.8+0.5 3.01 £0.06
—(4.8+0.6)% —(13£5)% —(7T£3)%
5th step - sodium hydroxide sodium hydroxide
- 2.86 £0.13
—5+5%
6th step - ethanol wiping ethanol wiping
- 2.66 = 0.05
—(7£5%
Disc 3 Disc 4a Disc 4b
Start act. 7.52+0.22 16.3 £ 0.6 6.59 £0.19
Ist step strong HNO3 ethanol bath ethanol bath
4.91+0.25 122+04 5.0£0.3
—(35+3)% —-25+4)% —(24+5)%

are referred to as a and b, respectively. Since alphas can-
not penetrate the PTFE disc, both sides are considered as
independent samples. Fig. 3 is the visualization of the results
obtained for disc 2b. For all samples, the best result is found
after the first cleaning step when a 2!°Po reduction of up to
50% is achieved as in case of ethanol wiping (disc 2b). All
subsequent cleaning steps do not show a further reduction
of comparable size, independent of the applied procedure.
This observation implies that half of the plated-out >!°Po is
located directly on the sample’s surface and can be efficiently
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removed. The remaining contamination, on the other hand,
is hardly accessible with our cleaning procedures. Since the
observed reduction of the multiple HNO3 procedure is com-
parable with the reduction of the strong HNO3 procedure,
we can exclude re-deposition of polonium on the disc sur-
face from the cleaning liquid.

So far, we have discussed only the removal of >!%Po. How-
ever, the low energetic beta decay of 2!19Pb is also an issue
for many low background experiments. Due to its chemi-
cal properties, the removal of lead achieved in the clean-
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Fig. 3 Evolution of the 2!%Po activity obtained after different cleaning
steps for sample disc 2b. The x-axis gives the time distance of the single
runs with respect to the first measurement of the sample

ing procedures is expected to be different from the obtained
polonium results. Since the S-decay of >'°Pb cannot be mea-
sured by means of alpha spectroscopy, we conclude on the
lead removal only indirectly by analyzing the time evolu-
tion of the 2!%Po activity after each cleaning step. Due to
the 21°Po half-life of 138d, this analysis requires a monitor-
ing of the sample’s polonium activity over a time of several
weeks. After ~ 50days we can expect activity changes of
10% at maximum, i.e., in the extreme cases when either all
or no 21°Pb has been removed. The required data is available
for disc 1 and disc 2 for some of the cleaning procedures
(see Fig. 3 for disc 2b). Our 2!°Po evolution model is based
on the assumption that at the beginning of this study >!°Pb
was in a secular equilibrium with its daughter isotopes >'Bi
and 219Po (see Sect. 2.1). Thus, the measured 219Po activ-
ity before the first cleaning step, referred to as Ag, corre-
sponds also to the activity of 2'9Pb. Due to different cleaning
efficiencies, however, the relative amount of lead and polo-
nium might change in the investigated procedures. After each
cleaning step, the time evolution of the 2!°Pb nuclide on the
sample’s surface is given by its radioactive decay

Npy(t) = N, - e " ~ N, = const (1)

but is in good approximation constant until the next cleaning
procedure is applied. The parameter Nl(,)b refers to the number
of atoms at the time right after the investigated cleaning step,
i.e., at + = O for the later modeled time evolution. The fit
function for the 2!°Po evolution is then obtained from the
differential equations describing the time evolution of the
bismuth and polonium nuclides, respectively:

dNgi(r)/dt = App - N9, — ABi - Ngi(t)

0 — min. Bi

with Ngi(t =0) = 2
Bil ) f—é’i — max. Bi @

dNpo(t)/dt = Agj - NBi(t) — Apo - Npo(?)
with Npo(r = 0) = N9, . (3)
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Fig. 4 Fitted activities for 2!°Pb and 2'°Po after different cleaning
steps applied to disc 2b. No difference in the cleaning efficiency between
lead and polonium could be found

210Bi is the direct mother isotope of 21°Po and undergoes a
beta-decay with a half-life of 5 days. Similarly to 2!Pb, we
cannot measure the bismuth reduction directly. In order to
account for the impact of bismuth on the evolution of 2!°Po,
we treat the two extreme scenarios for the >!Bi reduction
separately. In the so-called min. Bi scenario, the investigated
cleaning step removes all >!Bi from the sample disc. Thus,
we assume the amount of bismuth atoms right after the clean-
ing step to be 0. In the other extreme case, referred to as max.
Bi, the cleaning is assumed not to remove any bismuth and its
amount at 7 = 0 is given by the activity of 2/°Pb before the
cleaning step. For all fits we use the most conservative start
activity Ag for max. Bi, assuming previous cleaning proce-
dures have removed neither 2!Pb nor 2!°Bi. The start activity
Ap is measured for every sample disc before the beginning
of our cleaning study (see Table 2). Therefore, the only fit
parameters are Nl(,)b and ngo, respectively. We select periods
where the 2!°Po activity has been monitored for longer than
20 days after a cleaning step and determine the 2!OPb activity
during that period by fit.

Figure 4 shows the activities determined from NP(,)b (red)
and N190 (blue) obtained for disc 2b after the different clean-
ing steps. For the error estimation we combine the fit results
obtained assuming both extreme cases min. Bi and max. Bi,
respectively. The relatively large uncertainty on the >'°Pb
activity after the ethanol wipe and the strong HNO3 proce-
dure results from the short period of 2'°Po monitoring after
the treatments. No significantly different cleaning efficien-
cies between both radon daughters are found. In fact, the
fitted reduction of 2!°Pb seems to follow the measured >'°Po
activity. Similar results are obtained in the analysis of the
polonium evolution of other sample discs.

@ Springer
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Fig. 5 Example of a 2!?Pb removal measurement (DI-water). At first
the alpha activity of the sample disc is measured (Af;). During the
cleaning process we monitor the background of the alpha-spectrometer
(At and inlet figure). After the cleaning, the now significantly reduced
alpha activity is measured (Af3)

2.3 Removal of °Rn daughters from PTFE surfaces

In order to directly measure the removal of lead after clean-
ing, we perform further studies using PTFE samples loaded
with 22ORn daughters. As depicted in Fig. 1 the decay chain
of 220Rn includes only relatively short lived isotopes. When
starting our measurements, only 2'>Pb with a half-life of
10.6hours and its daughter isotopes is present on the sam-
ples surface. As a consequence, the time evolution of the
a-decaying daughters 2'?Bi and 2'?Po is described by the
radioactive decay of 2!2Pb. Thus, we can study the lead
removal by means of alpha spectrometry on a much shorter
time-scale with respect to 2!°Pb discussed in the previous
section. For studying the 2°Rn daughters, the samples are
newly loaded after each treatment. The PTFE discs used in
this study are not identical with the discs employed for the
222Rn daughter removal measurements, but have been fabri-
cated in the same way.

Figure 5 shows an example of a 2'>Pb removal measure-
ment. In our analysis, we combine the alpha-decays of both
lead daughters 2'?Bi and 2'?Po, respectively. This can be
done since the decays originate from two separate branches
in the decay chain (see Fig. 1) and are thus statistically inde-
pendent. During the first period of the measurement (Aty),
we monitor the alpha activity of the non treated sample disc
after it has been loaded with radon daughters. From the num-
ber of counts, we can infer the alpha-activity at + = 0 (the
start time of At;), which serves as a reference. The second
phase (Ar) is a background measurement of the set-up. It
is performed by replacing the sample with an unloaded sam-
ple disc. In all runs we find background events from >2°Rn
daughters. Our hypothesis is that lead atoms evaporate from
the PTFE in the vacuum and plate-out on surrounding sur-
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faces such as the PIN diode. The background measurement is
done while the investigated cleaning procedure is applied in
parallel. In the last phase of the run (A#3), the alpha activity
of the cleaned sample is measured and the reduced activity
is extrapolated to r = 0. We determine the reduction factor
from the comparison with the start activity before cleaning.
The background of the detector is taken into account. Note
that the background rate does not get reduced by the cleaning
but shows a time evolution given by the decay of >!2Pb. Dif-
ferent cleaning efficiencies of >'?Pb and 2!?Bi could impact
the measurement shortly after cleaning. This effect is visible
in Fig. 5 (DI-water procedure) at the beginning of Az3 where
it takes about 200 minutes until lead and bismuth reach an
equilibrium.

We test different chemicals which are commonly used
for the cleaning of detector materials. This includes nitric
acid (HNO3), citric acid (C¢HgO7) or hydrogen peroxide
(H20,) [13,25,27]. In addition, we study the impact of other
parameters on the cleaning efficiency such as an ultrasound
treatment or the exposure time in the acidic bath. The results
are summarized in Table 3. Each sample has been loaded only
once with radon daughters before the measurement. In case
of samples 4, 7 and 8 the investigated procedure is applied
a second time after having determined the 2'?Pb reduction
in the first cleaning step. All reduction factors in Table 3 are
determined with respect to the untreated sample.

A sample treated in DI-water with ultrasound, where a
212pp reduction factor of 3.5 has been found, serves as a ref-
erence measurement. The 5% (by mass) nitric acid treatment
for 1 hour gives inconsistent results across the different sam-
ples but the averaged 2!?Pb reduction is about twice as effi-
cient as the water procedure. A higher reduction is achieved
by increasing the exposure time in the acid or by using ultra-
sound during the treatment. A maximum reduction factor of
~ 14 is found for the 5% nitric acid treatment which cannot
be further improved by a longer exposure as indicated by the
comparison of samples 5 and 6 in Table 3. In case of the 32%
nitric acid, the 2'>Pb removal is doubled with respect to the
5% solution, reaching a reduction factor of (34 % 3) after 2.5
hours in the acidic bath. Longer exposure times have not been
tested but might yield an even larger reduction. The citric acid
is found to be as efficient as the 5% nitric acid solution. For
the acetic acid procedure applied to sample 9, the PTFE disc
is first put for 5 minutes into an acetic acid (1%) solution fol-
lowed by the immersion for 5 minutes into a HNO3 (1%) +
H>O, (3%) solution. Thereafter, the acid baths are renewed
and the procedure is repeated which results in a total expo-
sure of 10minutes to both chemical solutions (acetic acid
and HNOs3 + H»O,). The usage of acetic acid and hydrogen
peroxide for lead removal has been studied, e.g., in [28] for
chromium surfaces. The reduction factor measured for our
procedure is (16.5 £ 1.2), slightly higher than the reduction
achieved for citric acid and nitric acid (5%). For all tested pro-
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Table 3 Achieved 2!?Pb reduction for different cleaning chemicals.
The acid concentrations are given by weight. Every treatment finishes
with DI-water rinsing. Some procedures include different exposure
times or the usage of ultrasound (US). In case of samples 4, 7 and 8 the

procedure is repeated after measuring the 2'2Pb reduction for the first
time. All reduction factors are determined with respect to the untreated
sample

Chem. solution Sample Description of procedure Red. factor
DI-water 1 DI-water bath for 1 h incl. 15min US 3.49 +0.09
HNO3 (5%) 2 Acidic bath for 1 h 49403
3 Acidic bath for 1 h 6.3+04
4 Acidic bath for 1 h 11.5+£04
Repeat procedure (2h in total) 142 £0.6
5 Acidic bath for 1 h incl. 15min US 137+ 14
6 Acidic bath for 2.5h incl. 15min US 144+0.8
HNO3 (32%) 7 Acidic bath for 1 h incl. 15min US 23.2+25
Repeat procedure (2h incl. 30 min US in total) 3443
citric acid (11%) 8 Acidic bath for 1 h incl. 15min US 13.2+0.6
Repeat procedure (2h incl. 30 min US in total) 14.3+£0.7
acetic acid (1%), 9 10 min in acetic acid solution + 165+ 1.2

1% HNO3 + 3% H, O,

10min in (HNO3 + H>O,) solution

cedures, however, the reduction of 220Rn daughters is found
to be much larger with respect to the results obtained for
222Rn daughters.

2.4 Comparison of 21°Pb and ?'?Pb cleaning results

Since both lead isotopes are chemically identical, the reason
for the different removal achievements is thought to be caused
by the migration of radon daughters from the surface into the
bulk material. We suppose that diffusion and the recoil energy
induced by alpha-decays are possible transport mechanisms.
In [29], the diffusion of 2*?Rn in polyethylene was deter-
mined by measuring the profile of >!°Po inside the mate-
rial. They obtained diffusion lengths at a millimeter scale.
Also for our samples the diffusion of radon is one mecha-
nism to transport long-lived radon daughters into the PTFE
bulk. Since 2*2Rn features the longer half-life, it is expected
to diffuse more efficiently into the PTFE than 2>°Rn before
disintegration which could explain the observed difference
between the two radon chains. At present, we are not aware of
any measurements of the diffusion of heavy metals in PTFE.
However, due to the much longer lifetime of 21°Pb, even
a small diffusion constant might be sufficient to let 2!°Pb
migrate essentially deeper into the material with respect to
212Pb.

In the 2?°Rn decay-chain, the radon is followed by 2!°Po
which exhibits a very short half-life of 150 ms. Consequently,
itis mostly the 2'?Pb which plates-out on the sample disc dur-
ing the loading process. This is in contrast to >!'°Pb where
the decay-chain of >*’Rn includes different long-lived polo-

nium and lead isotopes which all have the chance to plate-
out on the PTFE. Trapped on the surface, the short-lived
radon daughters continue to decay. If the subsequent decays
include alpha-decays, the recoiling daughter nuclei can get
implanted into the bulk material of the PTFE sample. For the
7.8MeV decay of 2!4Po, the recoil energy is 144keV [30]
which results in an average implantation depth of ~ 60 nm
as simulated using the SRIM software package [31].

3 Impact on xenon purity

The chemical PTFE surface treatment could introduce impu-
rities into the liquid xenon and impact the detector perfor-
mance. To study this effect, we employ the dual-phase TPC
of the so-called HeXe set-up, sketched in Fig. 6 and described
in more detail in [32]. The TPC contains liquid xenon and
a layer of gaseous xenon on top. Particles interacting in the
xenon create scintillation light and ionization electrons. The
light signal is detected by one photomuliplier tube at the top
and one at the bottom of the xenon volume. The electrons are
drifted upwards by an electric field. At the liquid-gas inter-
face they are extracted and create a second, delayed scin-
tillation light signal. A PTFE cleaning recipe could poten-
tially induce trace amounts of electronegative impurities in
the xenon, which can hinder the charge collection via elec-
tron attachment. As shown in the previous sections, the 32%
HNOj3 surface treatment shows a > 30 reduction factor for
radon daughters (see Table 3). Motivated by this, we tested
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Fig. 6 Lateral cut of HeXe TPC. Particle interactions with the xenon
atoms create scintillation light signals that are detected by two photo-
multiplier tubes at the top and bottom of the active volume. In our study,
we apply surface cleaning methods to the exchangeable sample PTFE
cylinder, as detailed in the text

the impact of 32% HNO3 on the chemical purity of the xenon
inside the TPC.

3.1 Sample preparation and measurements

The wall of the TPC’s active volume has the shape of a hol-
low cylinder made of PTFE, as indicated in Fig. 6. The height
and diameter of the cylinder is ~ 5 cm. As it is exchange-
able, we employ copies of it as individual samples. Before
each measurement, a new sample is treated with the clean-
ing chemicals under investigation and inserted into the TPC.
Thus, its surface gets exposed directly to the liquid xenon and
the potential desorption and outgassing of the cleaning agent
into the cold medium can be tested. The sample cylinder is
made of 150 g PTFE and has a surface of 220 cm?, whereby
the total TPC’s PTFE mass and surface is larger by a factor
of 39 and 19, respectively. The TPC’s active volume contains
~ 345 g of liquid xenon, with a total mass of ~ 2.3 kg hosted
in the cryostat. During a measurement, a homogeneous drift
field of ~ 390 V/cm is applied over a maximal drift length
of S5cm.

In this study, we compare samples that undergo a basic
cleaning with the neutral detergent ELMA CLEAN 65 [33]
(blank sample) to samples cleaned in addition with 32%
HNOj3 (test sample). For the detergent cleaning, the sample
is immersed in an ultrasonic bath, filled with a 3 % mixture
of ELMA CLEAN 65 and DI-water for 15 minutes at 40 °C.
Afterwards, the sample is rinsed in DI-water. A test sample
is additionally submerged in 32% HNO3 for 2 hours and then
rinsed again. After rinsing, all samples are dried with a Ny
flow of 200 sccm in a leak tight stainless steel (SS) vessel at
an absolute pressure of 50 mbar. After 3 days, the sample is
inserted into the HeXe TPC. During this operation, the sam-
ple is always bagged and kept under a N, atmosphere. Thus,
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a possible contamination of the PTFE by air is avoided. This
is important, because oxygen, water vapor and other impuri-
ties do affect the detector performance [34]. After the sample
insertion, the TPC is evacuated within 20 hours to a pressure
of O(10~* mbar). Subsequently, it is filled with liquid xenon
and the measurement is started. During the measurement, the
xenon target is permanently purified by looping xenon gas
continuously through a hot gas purifier which is installed in
the gas purification system connected to the TPC’s cryostat.
All of the described steps follow a strictly timed schedule
and the system parameters, such as the recirculation flow,
are adjusted to a comparable level throughout the measure-
ments. The purity of the xenon is quantified by the so-called
electron lifetime parameter 7 [34]. It depends inversely on
the concentration of the present impurities and the electric
field-dependent electron attachment rates. As the exact com-
position of impurities is usually unknown, one commonly
expresses the impurity level equivalent to an O, concentra-
tion in units of ppb [35]. The continuous xenon purifica-
tion causes an increase of T over time, up to a plateau when
the outgassing rate of the detector materials, including the
PTFE surface treatments, and the impurity removal rate, are
equivalent. For the measurement of the 7 time evolution,
we employ the internal calibration source 33" Kr that allows
for a clear event selection due to its characteristic delayed
coincidence signature, as done in [36]. The amount of ini-
tial electrons N (0), generated in the mono-energetic energy
depositions, is reduced along the depth of the TPC since the
electrons are trapped by impurities. Hence, only a fraction
Ne(t) =N (0) - exp (—t/7) can be detected per TPC depth,
depending on t and the electron drift time t. By compar-
ing the time evolution of 7 between blank and test samples,
the potential degradation of the xenon purity due to the 32%
HNOj treatment can be tested.

3.2 Purity results and discussion

The t evolution of the blank samples A2, A3 (ELMA
CLEAN 65) and the test sample B3 (ELMA CLEAN 65 +
HNO3) are shown in Fig. 7.

The constant xenon purification causes an increase of ©
in the first ~ 14 days, after which the purification is stopped
and consequently 7 decreases. The error bars in Fig. 7 indi-
cate the fit uncertainty and the shaded areas illustrate the
average relative deviation between different analysis meth-
ods. The latter describes the effect of slightly altered data
selection criteria and fitting procedures on the results. The
A2 and B3 measurements show a comparable t evolution
which plateaus at ~ 1700 ws. In this plateau region, the t
values exhibit large fluctuations due to a limited statistics
and uncertainties in the analysis method. Therefore, we con-
servatively define the maximal achievable electron lifetime
of the system when the average relative deviation among
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Fig. 7 Electron lifetime evolution of blank samples A2, A3 and test
sample B3. The error bars indicate the uncertainty from the electron
lifetime fit and the shaded areas illustrate the average relative deviation
between different analysis methods. After ~ 14 days xenon purification
is stopped, causing the electron lifetime to decrease

the analysis methods is larger than 15 %. Thus, we obtain a
Tmax = 1000 s that is achieved within the same purification
time for both the sample treated with detergent only and the
one cleaned with detergent and 32% HNOj3. In Fig. 7 we also
show the evolution of A3, that serves as an example of the
four further measurements, that all exhibit lower T evolution,
inconsistent among each other. The inconsistency is not fully
understood. We hypothesize that slight variations of the set-
up caused by the process of the PTFE sample cylinder inser-
tion might yield to different xenon purification efficiencies.
We convert the measured Ty« into an impurity concentra-
tion of 0.43 ppb O, equivalent [35] and determine the base
outgassing rate of the entire system. For this purpose, we
assume that the impurities are homogeneously distributed
within the xenon and that the impurity removal efficiency
of the gas purifier is 100%. Furthermore, we presume that
the xenon purification rate is equivalent to the impurity out-
gassing rate of the system at the measured impurity concen-
tration. Thus, at a purification flow of 2.66 slpm, we obtain
an O, equivalent outgassing rate of 5- 10~ (mol O,) /min.
Presumably, the PTFE forming the structure of the TPC, con-
tributes to this outgassing rate in large part. From the com-
parable measurements of A2 and B3, we conclude that the
32% HNOj3 treatment does not increase the impurity con-
centration above the base level of the system. Consequently,
the xenon purity is not degraded within the system’s sensi-
tvity.

4 Summary

In this paper, we investigate the potential of chemical surface
treatments to remove radioactive radon daughters which orig-
inate from plate-out from ambient air. For metallic surfaces,
such as copper or stainless steel, radon daughters can be suc-
cessfully removed by chemical treatments where the surface
gets etched on a micrometer-scale [26]. In case of PTFE,
however, the cleaning procedure does not remove the sur-
face together with its contamination but the radon daughters
are leached from the material.

In our study we measure a ~ 50% reduction of the long-
lived radon daughters 2!°Pb and 2'°Po on PTFE surfaces
after different chemical treatments. Subsequent, additional
cleaning steps on the same samples achieve only to a minor
further reduction, independent on the used chemicals or pro-
cedure. Similar studies are done with PTFE samples loaded
with daughters from the 2?’Rn decay-chain. In contrast to
210pp, the isotope 2!2Pb from the >>’Rn chain can be removed
efficiently by the tested cleaning procedures. A reduction
> 30 can be achieved depending on the applied surface
treatment.

In the second part of this work, we investigate if the
treatment with 32% HNO;3 affects the xenon purity in
a liquid xenon TPC set-up. Therefore, the procedure is
applied to the PTFE surfaces which are in direct contact
with the liquid xenon target. No additional impurity release
above the system’s base O» equivalent outgassing rate of
5-107!! (mol O,)/min is measured within the sensitivity of
the set-up. In further studies for large-scale detectors [11],
the sensitivity could be improved by employing TPCs with
longer drift lengths [37]. The measurements presented in
this work are the first indication that no degradation of the
xenon purity is caused by a 32% HNOj3 surface treatment on
PTFE.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited [Authors’ comment: Data will be shared
by the authors upon request.]
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